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The optical and electrical properties of 2D TMDs have been effectively tuned by various types of doping, including electrostatic gating, [16, 17] by physical adsorbtion of volatile molecules or chemical adsorption of molecules or ions, [18, 19] and by covalent bonding in the lattice via substituted atoms. [20] [21] [22] [23] [24] [25] [26] [27] [28] For example, the charge exchange between 2D TMDs and chemically adsorbed molecules or ions has been shown to effectively manipulate excitons and trions to tune the photoluminescence bands. [18, 19] Recently, Javey and co-workers reported solutionbased treatment of mechanically exfoliated MoS 2 monolayers with an organic superacid to drastically reduce defect-mediated nonradiative recombination and dramatically increase the PL quantum yield (>95%). [29] Treatments to chemically "repair" defects in the lattices have also been reported, such as hydrohalic acid vapors for highly defective CVD-grown MoSe 2 monolayers. [30] However, it has also been pointed out that such chemical treatments are specific to the chalcogen in TMDse.g., contrary to the sulfides, the PL intensity of exfoliated MoSe 2 and WSe 2 monolayers has been shown to decrease after superacid treatment. [31] Ideally, rather than rely on less robust chemical post-treatments, new synthetic strategies should be developed to effectively address defect-mediated nonradiative recombination in TMD monolayers.
Compared with electrostatic gating and chemical adsorption, producing more robust products by substituting dopant atoms in the lattice of 2D TMDs via covalent bonding is highly desirable. With suitable selection of atoms, such substitutional doping has been shown to result in stable and robust 2D TMD alloys with optical and electrical properties that are even more broadly controlled. [23] [24] [25] [26] [27] [28] 32] For example, isoelectronic dopants, i.e., dopant atoms electronically similar to those of the host, not only tend to form alloys more easily, but also impede the generation and multiplication of dislocations, and reduce the formation of amphoteric native defects. [33] [34] [35] Isoelectronic 2D TMD alloys, including substituting either isoelectronic chalcogens (e.g., MoS 2(1-x) Se 2x ) [23] [24] [25] or transition metals (e.g., Mo x W 1-x S 2 ), [26] [27] [28] show PL with tunable emission wavelength in a wide spectral range, and recently, we demonstrated that the carrier type can be modulated in isoelectronic 2D TMDsi.e., n-type monolayer MoSe 2 was converted to non-degenerate p-type monolayer Mo 1-x W x Se 2 . [36, 37] In this work, we explore the effect of isoelectronic W substitution on the PL of MoSe 2 monolayers synthesized by a CVD method. Statistics based on Z-contrast high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images show that the Se vacancy concentration in Mo 1-x W x Se 2 alloy monolayers is reduced to 50% of that in pristine MoSe 2 monolayers. As a result, the PL is greatly enhanced (up to a factor ≈10) in Mo 1-x W x Se 2 alloy monolayers despite just a minor shift in emission wavelength. The stronger PL is accompanied by a longer exciton lifetime, indicating the suppression of nonradiative recombination in Mo 1-x W x Se 2 alloy monolayers. Temperature-dependent PL measurements (4−300 K) revealed defect-related emission bands in both types of monolayers, with higher emission energies and smaller activation energies for Mo 1-x W x Se 2 alloy monolayers. This result agrees with corresponding theoretical caculations that the isoelectronic W alloying suppresses the deep-level defect states in MoSe 2 monolayer. This work provides a new strategy to improve the optical properties of TMD monolayers for optoelectronic applications.
Results and Discussion
Triangular MoSe 2 and Mo 1-x W x Se 2 monolayers with tens of microns in size (Figure 1a,b) were grown on SiO 2 /Si substrates at 780 °C by a low pressure CVD method as reported in our previous work. [36] Briefly, Se powder was evaporated to react with MoO 3 in the presence of hydrogen gas, and Mo 1-x W x Se 2 was obtained by mixing WO 3 Figure S2 , Supporting Information). They were grown with WO 3 /MoO 3 weight ratios that were ≈0.05/1 and ≈1/1, respectively. [36] Figure 1c- As the image intensity is proportional to the combined projected atom number in HAADF images, the chalcogen sites occupied by two Se atoms are brighter than the metal sites with one Mo atom, while the W atoms in the metal sites are the brightest (as indicated by dashed arrows in Figure 1d ,e), which are consistent with simulations performed using the code from Kirkland based on multislice algorithm [38] (Figure 1f-h ). Note that W atoms are randomly distributed in the lattices, forming ideal random alloys. [36] An important feature in the STEM images is that all the three samples show dimmed Se sites as indicated by solid arrows in Figure 1c -e. According to the simulation (Figure 1f-h) , the dimmed Se sites correspond to Se vacancies (V Se ) where one Se atom at the site is missing (as illustrated in Figure 1i ). Also, as observed in the STEM image ( Figure 1f ) and the corresponding intensity line profile (Figure 1h , lower row) that the distance between Mo site and the Se site with one Se vacancy is shortened from 0.19 to 0.166 nm. This phenomenon has been observed previously in MoS 2 with S vacancies, [39] which could be attributed to the lattice distortion around point defects.
In (Figure 2a-c) were used to count the number of V Se . Each large scale HAADF-STEM image was divided into nine sub-sections ( Figures S3-S5 , Supporting Information), which were then processed using Lucy-Richardson deconvolution [40] to automatically identify V Se . Typical deconvolution results from the three sub-regions indicated by dashed squares in Figure 2a Figure 2d-f) , there are also a few Se sites with both Se atoms missing (i.e., labeled as H in Figure 2d ). Given 2500 total Se sites (or 5000 Se atoms if there were no vacancies) in total in each large scale HAADF-STEM image, the percentage of V Se is (4 ± 0.06)%, (2.5 ± 0.06)%, and (2 ± 0.08)% for monolayer MoSe 2 (Figure 2a) [41] The p-d hybridized state of W-Se is on a deeper energy level than that of Mo-Se, [41] indicating a stronger W-Se bonding and higher formation energy of V Se . (4 of 10) 1603850
Next, we study the optical properties of MoSe 2 and Mo 1-x W x Se 2 monolayers. Figure 3a shows the absorption spectra of MoSe 2 and Mo 0.82 W 0.18 Se 2 monolayers grown on fused quartz substrates acquired at room temperature. The two resonance peaks labeled as A and B from both samples correspond to A-and B-excitonic transitions occurring at the K points of the k-space. For MoSe 2 , the peak positions of A and B are located at 1.512 and 1.719 eV, respectively, which are very close to those in Mo 0.82 W 0.18 Se 2 , i.e., 1.520 and 1.724 eV for A and B absorption, respectively. A stronger absorption band at higher energy (peaking at ≈2.633 eV for both samples) labeled as C originates from nearly degenerate exciton states, corresponding to the region in the Brillouin zone where the valence and conduction bands are nested. [42] The results from absorption spectra are consistent with density function theory (DFT) calculations on the electronic band structures of MoSe 2 and Mo 1-x W x Se 2 , wherein the bandgap does not change significantly for W substitutions as high as ≈25% due to pronouced bowing effect [32, 35] ( Figure S6 Figure 3b , solid curves). Similar to the absorption, the emission energy remains fairly similar for the three samples; however, the PL intensity is greatly enhanced in Mo 1-x W x Se 2 alloysi.e., the PL from the Mo 0.82 W 0.18 Se 2 monolayers is ≈10 times more intense than that from MoSe 2 . We also measured the PL spectrum of WSe 2 monolayer synthesized under similar conditions ( Figure 3b , dashed curve), and although these monolayers also show more intense PL than MoSe 2 , it is still about half The dynamics of photogenerated excitons in the MoSe 2 and Mo 1-x W x Se 2 monolayers were studied using femtosecond transient absorption spectroscopy in reflection geometry. Figure 3c shows the dynamics of excitons in MoSe 2 , Mo 0.98 W 0.02 Se 2 , and Mo 0.82 W 0.18 Se 2 acquired by exciting the monolayers with a ≈300 fs pump pulse having a central wavelength of 620 nm and an energy fluence of ≈0.9 μJ cm −2 . The probe wavelength of 800 nm is close to the PL peak of the samples. The dynamics of the three samples show very fast initial decays followed by longer biexponential decays. The initial fast decay for the three samples is ≈2−4 ps, which could be assigned to surface trap states, [43, 44] or formation of excitons from free carriers. [45] The biexponential decays were fitted by y = y 0 + A 1 exp(-t/τ 1 ) + A 2 exp(-t/τ 2 ), with the fitting results listed in Table 1 . The τ 1 (36-65 ps) for the three samples was assigned to the intraband energy relaxation process via phonon scattering, [43, 44] while the τ 2 within the range from 116 to 389 ps was assigned to the exciton lifetime. [43] It clearly shows that as the W concentration increases, the exciton lifetime of direct electron-hole recombination increases along with an increased relative weight (A 2 /A 1 ). In order to verify the photocarrier dynamics, the PL decay measured by time-correlated photon counting while monitoring the emission at 800 nm with 400 nm pulsed laser excitation was also acquired from the three types of monolayers ( Figure S7 , Supporting Information). The decay curves are biexponential with τ 1 from 56 to 96 ps and τ 2 from 311 to 727 ps. The values are larger than those obtained from pump-probe transient absorption due to different detection approaches, but the trends of τ 1 , τ 2 , and A 2 /A 1 as the W concentration increases are the same. The results on the exciton dynamics are consistent with the PL intensities (Figure 3b ), indicating reduced defect-related nonradiative recombination centers due to the effect of W alloying.
In order to further study the defect states in the MoSe 2 and Mo 1-x W x Se 2 alloy monolayers, we performed temperaturedependent (4-300 K) PL measurements. Figure 4a ,b shows the temperature-dependent PL spectra of MoSe 2 and Mo 0.82 W 0.18 Se 2 monolayers, respectively. The PL spectra at temperatures below 50 K show an asymmetric broad band comprised of several bands from different origins. At temperatures above 50 K, different bands can be distinguished. The PL spectra at 77 K were chosen for deconvolution of different bands. As shown in Figure 4c, (Figure 4a,b) . Bands 1 and 2 can be attributed to the emission from free excitons and trions, [11, 30, [46] [47] [48] respectively, while bands 3 and 4 are both defect-related. Some previous work on MoSe 2 monolayers also reported PL bands similar to the band 3 at low temperatures, and they have been assigned to bound excitons that are trapped by defects (or so-called localized exciton states). [11, 30, [46] [47] [48] Band 4 has never been discussed previously in 2D TMDs, and this band should also be related to V Se since it dominates the PL spectra at 4 K in highly defective (≈20% of V Se ) MoSe 2 monolayers that were created intentionally [49] (Figure S8 , Supporting Information). We tentatively attribute this band to the electron trapped from the conduction band by ionized V Se . The origin of the four emission bands are also verified by excitation powerdependent PL spectra ( Figure S9 , Supporting Information). As the incident laser power increases, band 4 is quickly saturated due to the saturation of the defect states with more and more photon-generated carriers, while the relationship between the integrated intensity (I) of bands 1, 2, and 3 with the excitation power (P) follows I ∼ P k , in which k is 0.85 for both bands 1 and 2 and 0.68 for band 3. The k value for band 3 resembles the behavior of bound excitons, [43] while the k value for bands 1 and 2 is a little lower than what is expected from free excitons and trions (generally between 1 and 2), [46] and this could be due to the nonradiative biexcitonic recombination at higher excitation power. Although, at temperatures from 4 to 50 K the PL from both samples are dominated by the emission from the localized excitonic states (band 3), detailed analysis reveals that the relative intensity from the exciton emission is still higher in Mo 0.82 W 0.18 Se 2 monolayers as indicated by the shoulders at ≈1.60 eV in Figure 4e . As the temperature increases, the emission from the localized excitonic states also quenches faster in Mo 0.82 W 0.18 Se 2 monolayers (Figure 4a,b) , i.e., band 3 in Mo 0.82 W 0.18 Se 2 monolayers is much weaker than that in MoSe 2 at 77 K (Figure 4c,d) . Figure 4f ,g plots the temperature-dependent peak position (emission photon energy) of the four bands, and Figure 4h ,i shows the temperature-dependent emission intensity of the bands 3 and 4-i.e., the two defect-related emissions showing Arrhenius behavior. The peak positions of bands 1 and 2 are well described (solid curves in Figure 4f ,g) by a standard semiconductor bandgap dependence: [50] in which E g (0) is the ground state transition energy at 0 K, ħω is the average phonon energy, k is the Boltzmann constant, T is temperature, and S is a dimensionless constant. Such well-fitting of the temperature-dependent peak position further confirms that the bands 1 and 2 in MoSe 2 and Mo 0.82 W 0.18 Se 2 monolayers are consistent with the exciton and trion emissions. From the fitting, we extracted that the E g (0), ħω, and S values for exciton (trion) are 1.595 (1.575) eV, 0.02 (0.02) eV, and 2 (2.2) for MoSe 2 monolayers, 1.602 (1.583) eV, 0.035 (0.035) eV, and 2.85 (2.5) for Mo 0.82 W 0.18 Se 2 monolayers, respectively. We note that the trion binding energy (the energy difference between exciton and trion) is ≈20 meV in both CVD-grown MoSe 2 and Mo 0.82 W 0.18 Se 2 monolayers, which is lower than previously reported for exfoliated MoSe 2 samples (30 meV). [9] Adv. Funct To verify and further study the effect of W alloying on the defect levels in monolayer MoSe 2 , DFT calculations on electronic structures (Figure 6a-c (Figure 4b ), while for V Se -2, the ingap states split into two states due to the broken symmetry around the vacancy. Here, the average position is at ≈0.33 eV below CBM, shallower than V Se -1 in MoSe 2 ( Figure 4c) . Generally, the more the V Se is surrounded by W atoms in the first-neighbor motif, the shallower the ingap states will be relative to CBM. [35] As the real V Se concentration is ≈4% in MoSe 2 and ≈2% in Mo 0.82 W 0.18 Se 2 , the electronic structures in these two cases were also obtained by using supercells of different sizes ( Figure S10 , Supporting Information). The results are very similar to the case with 3.125% V Se , with only slight shifts in the defect levels. 
Conclusions
In summary, we present a new synthetic strategy to suppress chalcogen defects and deep levels in TMD monolayers through [29] it is reasonable to expect that further refinements in the synthesis of isolectronically doped and alloyed 2D TMD monolayers will result in further increases the luminescence efficiency, as similar strategies were proven effective historically for traditional semiconductors. Given the numerous choices of atoms for isoelectronic doping or alloying, this method may be very useful for the scalable synthesis of high quality 2D materials for high performance optoelectronic and electronic devices.
Experimental Section
Materials Synthesis: The monolayer MoSe 2 and Mo 1-x W x Se 2 flakes were synthesized through a CVD method conducted in a tube furnace system equipped with a 2″ quartz tube. In a typical run, the growth substrates, e.g., Si with 250 nm SiO 2 (SiO 2 /Si) or fused quartz plates cleaned by acetone and isopropanol (IPA), were placed face-down above an alumina crucible containing ≈0. www.afm-journal.de www.advancedsciencenews.com of Mo 1-x W x Se 2 , a mixture of MoO 3 and WO 3 powder was used), which was then inserted into the center of the quartz tube. Another crucible containing ≈1.2 g Se powder was located at the upstream side of the tube. After evacuating the tube to ≈5 × 10 −3 Torr, flows of 40 sccm (standard cubic centimeter per minute) argon and 6 sccm hydrogen gas were introduced into the tube, and the reaction was conducted at 780 °C (with a ramping rate of 30 °C min −1 ) for 5 min at a reaction chamber pressure of 20 Torr. At 780 °C, the temperature at the location of Se powder was ≈290 °C. After growth, the furnace was allowed to cool naturally to room temperature. Structural Characterization: The samples for STEM characterization were prepared using a wet transfer process. Poly(methyl methacrylate) (PMMA) was first spun onto the SiO 2 /Si substrate with monolayer crystals at 3500 rpm for 60 s. The PMMA-coated substrate was then floated on 1 m KOH solution, which etched the silica epi-layer, leaving the PMMA film with the monolayer crystals floating on the solution surface. The film was then transferred to deionized water for several times to remove residual KOH. The washed film was scooped onto a Cu TEM grid covered with lacey carbon. The PMMA was then removed with acetone and the samples were then soaked in methanol for 12 h to achieve a clean surface with flakes.
STEM images were acquired at 60 kV using a Nion UltraSTEM equipped with a probe aberration corrector (the convergence angle was 31 mrad). The inner and outer collection angle of the HAADF detector were 86 and 200 mrad, respectively. To enhance the signal to noise ratio, atomic resolution STEM images were blurred using a 2D Gaussian distribution. STEM image simulation was performed using the code from Kirkland. An orthogonal supercell with a 1 = 5a, b 1 = 3a + 6b, and c 1 = c was created to include point defects that match the selected experimental image area. The projected potentials were sampled at 4.8 pm per pixel and were used to simulate the 1.64 nm × 1.71 nm STEM images with 51 × 53 probe positions. The simulated data were enlarged using Fourier interpolation and blurred with a Gaussian function of 0.1 nm to approximately account for the finite probe size at 60 kV.
PL and Absorption Studies: The PL and absorption spectra were measured in a home-built micro-PL/Raman/absorption setup. The PL was excited with a continuous wave (cw) diode-pumped solid state laser (Excelsior, Spectra Physics, 532 nm, 100 mW) through an upright microscope using a 100×-long working distance objective with NA (numeric aperture) = 0.5 (beam spot ≈1 μm). The typical incident laser power on a sample was maintained at ≈3.5 μW to reduce possible laser heating of the samples during PL spectra acquisition. The PL light was analyzed by a spectrometer (Spectra Pro 2300i, Acton, f = 0.3 m) that was coupled to the microscope and equipped with 150, 600, and 1800 groves mm −1 gratings and a CCD camera (Pixis 256BR, Princeton Instruments). The typical acquisition times were varied from 0.5 to 20 s depending on the PL intensity. The PL mapping was performed using a 0.5 μm step.
To measure the absorption spectra, a laser-driven light source (EQ-99-fc, Energetiq) was used (focused spot size at the sample was ≈2 μm). The transmitted light was captured with the 50×-long working distance objective and directed to the Spectra Pro spectrometer equipped with a CCD camera (Pixis, Princeton Instruments). The absorbance was calculated as log 10 (I 0 /I), where I and I 0 are the light intensities transmitted through a TMD crystal and through the bare quartz substrate, respectively.
The time-resolved PL was measured by time-correlated single-photon counting (TCSPC) (PPD-850, Horiba Scientific with Picosecond Photon Detection Module, and Fluorohub model JY IBH: Horiba). The PPD-850 was mounted to a second port of the spectrometer. The samples were excited using a second harmonic (400 nm) of a Ti:sapphire laser (Coherent, Mira 900) (800 nm, 5 ps pulses, 76 MHz repetition rate). To match the TCSPC repetition rate requirements the laser repetition rate was reduced to ≈5 kHz using a pulse picker (Coherent). The output of the pulse picker was frequency doubled using an ultrafast harmonic generator (Coherent 5-050) and was directed into a microscope to illuminate the samples through a 100× microscope objective. The samples were kept at room temperature in these measurements.
The low-temperature PL spectra were measured using a liquid He-cryostat (MicrostatHiResII, Oxford Instruments) with a temperature controller (MercuryiT, Oxford Instruments) that allowed precise control from 3.6 to 300 K. The cryostat was mounted on a motorized XY microscope stage (Marzhauser), and under the microscope of the homebuilt micro-PL/Raman/absorption setup. The cryostat was evacuated to the base pressure of 7 × 10 −7 mbar prior to cool down.
Femtosecond Transient Absorption Spectroscopy: In the differential reflectivity configuration, a diode laser with a wavelength of 532 nm and a power of 8.5 W was used to pump a Ti:sapphire laser, thereby generating ultrashort pulses with a central wavelength of 800 nm, a repetition rate of about 80 MHz, and an average power of 2.0 W. To obtain the 620 nm pulses, supercontinnum generation from a photonic crystal fiber, pumped with part of the Ti:sapphire output, was utilized. A bandpass filter was used to select the desired spectral component. In each of the measurements, the pump and probe beams were linearly polarized along perpendicular directions and then combined by a beamsplitter and focused onto the sample by a microscope objective lens with a NA of 0.4. The focused spot sizes of the pump and probe were 1-2 μm full-width at half-maximum, determined by an imaging system. The reflection of the probe from the sample was collimated by the objective lens and sent to a biased silicon photodiode. The pump, however, was prevented from reaching the detector by a set of filters. A lock-in amplifier measured the output of the photodiode, with the intensity of the pump beam modulated at ≈2 kHz by a mechanical chopper. The differential reflection was measured as a function of the probe delay, which was controlled by varying the length of the pump path with a linear stage.
Theoretical Calculations: DFT calculations were performed using the Vienna Ab Initio Simulation Package (VASP) [51] with the projectoraugmented wave (PAW) [52] pseudopotentials in order to understand the perfect and defective surface band structures. The exchange-correlation was approximated with generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) functionals. [53] The W concentration is fixed at 25%-i. has a vacuum thickness of about 18 Å to avoid spurious interaction between replica images. The Monkhorst-Pack k-point sampling method in the Brillouin zone for the 4 × 4 supercell (13.27328 Å × 13.27328 Å) was Γ-centered with a 6 × 6 × 1 and 12 × 12 × 1 mesh for ionic and electronic optimization, respectively. [54] The energy cutoff was 500 eV and the criteria for energy and force convergence are set to be 1 × 10 −4 eV and 0.01 eV Å −1 , respectively.
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